Abstract: Herbarium specimens can be used to reconstruct spatiotemporal changes in plant morphology caused by environmental pressures. The reliability of herbarium-derived data requires evaluation, because specimen collection is subject to biases. We used herbarium and field data to investigate the impact of large herbivore browsing on the size of a forb. White trillium (Trillium grandiflorum (Michaux) Salisbury) was studied because the impacts of white-tailed deer (Odocoileus virginianus Zimmermann) browsing on this species are well-known. A total of 692 herbarium specimens collected in Quebec (Canada) were used to evaluate leaf area. Leaf area values of herbarium specimens were compared to those of modern (2013, 2014) specimens collected in sites with > 8 deer per km 2 or without deer. Flowering individuals in modern sites with deer had a significantly lower leaf area than herbarium specimens and modern specimens collected in sites without deer. The distribution of white trillium individuals in deer sites was also skewed towards plants with a smaller leaf area. Herbarium specimens may offer unique and inexpensive data, compared to methods traditionally used to assess the impacts of herbivores on plants such as exclosures or clipping experiments. Unfortunately, this rich data source is seriously jeopardized by the downtrend in specimen collecting. 
D r a f t

Introduction
Over the last century, populations of large ungulates have greatly increased in several regions of the world due to strict hunting regulations, a reduction of the number of natural predators, and an increased food supply associated with land use change (Côté et al. 2004) . Overbrowsing by ungulates frequently induces major changes of forest composition and structure, and is consequently becoming a serious conservation issue (Côté et al. 2004; Begley-Miller et al. 2014 ). For example, in temperate and boreal forests of northeastern North America, white-tailed deer (Odocoileus virginianus Zimmerman) have prevented the regeneration of many shrub and tree species (Hidding et al. 2012; Nuttle et al. 2013) , and have caused the local disappearance of preferred food species and the dominance of avoided or browsing-resilient plants (Horsley et al. 2003; Webster et al. 2005; Begley-Miller et al. 2014) .
Although the short-term effects of overbrowsing on forest composition are relatively well known, the long-term impacts of intense deer herbivory on plant population dynamics are less understood (McGraw and Furedi 2005; Webster et al. 2005; Knight et al. 2008; Collard et al. 2010; Webster and Jenkins 2014; Pendergast et al. 2016) . Deer can directly threaten growth, reproduction and survival of plants by removing leaves, buds, shoots, flowers and fruits (Côté et al. 2004) , which may in turn negatively impact fitness. For example, studies conducted on white trillium (Trillium grandiflorum (Michaux) Salisbury) in eastern North America showed that repeated deer browsing reduces the proportion of flowering individuals and plant leaf area and height over time (Anderson 1994; Augustine and Frelich 1998; Rooney and Waller 2001; Knight 2003; Knight et al. 2009 ). More specifically, intense and repeated browsing skews the population structure toward smaller plants (Anderson 1994; Augustine and Frelich 1998) , and consequently alters their reproductive success, as small individuals produce fewer ovules (Knight 2003) . Chronic overbrowsing could eventually cause the local extinction of this species (Knight et al. 2009 ).
Obtaining a spatial and historical perspective on the long-term impacts of overbrowsing is difficult because vegetation studies are generally local and rarely span more than a few years. On the other hand, plant specimens collected over several decades and preserved in herbaria may provide the data needed to obtain such a perspective (Lavoie 2013) . In this respect, herbarium specimens have successfully been used in a few studies to document plant morphological changes over time, and estimate the possible consequences on fitness (McGraw 2001; Law and Salick 2005; Guerin et al. 2012; Leger 2013) . For instance, Law and Salick (2005) showed, using museum collections and modern specimens, that sustained human harvesting over 100 yr of a medicinal Tibetan plant (Saussurea laniceps Handel-Mazzetti) resulted in a rapid evolution toward smaller individuals. Herbarium data also showed that large-scale harvesting of American ginseng (Panax quinquefolius Linnaeus) in North America has caused significant plant size decline since the beginning of the 20th century (McGraw 2001) . In both cases, these morphological changes are increasing the vulnerability of these plants to extinction.
Herbarium collections offer a tool for detecting spatiotemporal morphological changes resulting from natural and anthropogenic disturbances. However, this tool requires validation because herbarium specimen collection may suffer from several biases associated with opportunistic (nonrandomized) sampling strategies and the preference of collectors for healthy individuals (Delisle et al. 2003; Lavoie 2013) . In this study, we used herbarium specimens to investigate, for the first time (to our knowledge), the effects of browsing by a large herbivore on forb size. More precisely, we compared the size of herbarium specimens to that of modern specimens sampled in both grazed and ungrazed forests. We hypothesized that herbarium specimens and modern specimens in sites without deer are significantly larger than specimens in sites with dense deer populations.
Methods
Studied species
White trillium was selected for this study because the effects of deer browsing on this species are well-known, making it an ideal candidate to validate the use of herbarium specimens for detecting morphological changes associated with browsing over decades. White trillium is a non-clonal, longlived, perennial forb that grows in the understory of deciduous forests throughout eastern North America (Case and Case 1997; Knight 2003) . Reproductive plants are characterized by the presence of a single stem, rarely two, supporting a whorl of three leaves and one hermaphroditic white flower producing a single fruit (Knight 2003) . Seeds are mainly dispersed by ants (Case and Case 1997; Kalisz et al. 1999) . They produce small adventitious roots during the first year of growth, whereas the cotyledon emerges in the second year, and the first true leaf unfolds the third year (Hanzawa and Kalisz 1993; Knight et al. 2008 ). This species begins to reproduce after about 17 yr, but an individual can become dormant for one or several years (Hanzawa and Kalisz 1993; Knight 2003) .
In Quebec (Canada), where this study was conducted, most leaves appear late April, before the forest canopy leafs out. Flowering occurs from mid to late May. White-tailed deer preferentially consume large reproductive individuals, and consumption usually results in complete defoliation (Anderson 1994; Augustine and Frelich 1998; Knight 2003) . Browsing stops growth, but few individuals die after a single consumption event, although browsed plants are more likely to retrogress to a vegetative stage the next spring (Knight 2003; Rooney and Gross 2003; Knight et al. 2009 ).
Herbarium specimen sampling
Herbarium specimens of white trillium collected in Quebec were requested from the four largest herbaria (> 137 000 specimens) of the province (MT, MTMG, QFA, QUE) and from the two Canadian national herbaria (CAN, DAO), for a total of 794 trillium specimens. Only specimens with fully by Augustine and Frelich (1998) for the same trillium species: plant leaf area = leaf length × leaf width × 0.5 × number of leaves (3). Leaf scans were not performed as the modern specimens used for comparison were located in protected areas, and their collection was prohibited. For each specimen, leaf length and width data were collected from one of the leaves randomly selected. Leaf area is highly correlated with other size-related traits of white trillium, such as leaf length, plant height and stem diameter, and is thus a good indicator of overall plant size (Rooney and Waller 2001) .
Herbarium specimens and temperature or bioclimatic data
Leaf area of herbarium specimens can be influenced by the preference of collectors for certain size classes or healthiest individuals, a bias hard to correct, and by other factors such as temperature (Peppe et al. 2011) , which fluctuates in space and time. An increased leaf area over time could result from warming temperatures associated with climate change (Guerin et al. 2012 ).
The evolution of leaf area (minimum, median and maximum values) through time was compared to the evolution of temperatures in Southern Quebec. Most white trillium specimens (n = 597) were sampled on the Island of Montréal or on the Monteregian Hills region (Fig. 1) ; data from the meteorological stations of this region (or proximate to) with the longest climatic record (Drummondville, Les Cèdres, Montréal McGill University, Montréal Pierre-Elliott-Trudeau International Airport; Government of Canada 2016) were used. The number of growing degree-days >0 °C (1 January -31 May) was used in the model. A regional climatic effect was also tested by grouping specimens according to their bioclimatic area, using the bioclimatic region classification of Grandtner (1966) : (1) (2) sugar maple -basswood (Tilia americana Linnaeus) region, and (3) sugar maple -yellow birch (Betula alleghaniensis Britton) region. Significant differences between groups would suggest that differences in leaf area are potentially climate-dependent. A site effect was also tested by grouping the specimens according to their location (Table 1) Other populations (with and without deer) were sampled for comparison purposes (Fig. 1) . The (17 May). These stands were sampled the same way as at FSEC. It should be noted that according to the maps of urban heat islands created for the Montréal region, the relative surface temperature of these urban parks during the warmest period of the summer (July-September, the only period for which data were available) is 15.9-18.7 °C, which is similar to that of recorded at MSB (15.9-17.6 °C; Centre d'enseignement et de recherche en foresterie de Sainte-Foy and Institut national de la santé publique du Québec 2012).
Statistical analyses
Weighted linear regressions, taking into account the number of herbarium specimens per year, were performed using the Stata software (StataCorp LP 2013) to examine the temporal correlations between leaf area values and growing degree-days. Two regression models were developed, one that accounts only for contemporaneous correlations, defined by yt = α + xtβ + εt where t is the time period, and another that accounts for a possible temporal lag (year -1), defined by yt = α + xtβ1 + xt-1β2+ εt. For other analyses, leaf area data were log-transformed to normalize their distribution. A D r a f t one-way ANOVA, using type III sums of squares for unbalanced design, was used to test for significant differences between herbarium specimens from different bioclimatic areas. ANOVAs were also used to test for differences in leaf area among the three different types of specimens (Table 1) : (1) herbarium specimens, (2) modern specimens in sites without deer, and (3) modern specimens in sites with deer. To control for the unequal variance among the three specimen types (Bartlett test; P < 0.0001), a variance weight was incorporated for specimen type using the varIdent function from the nlme package in R (Zuur et al. 2009; Pinheiro et al. 2013; R Core Team 2013) . The heterogeneity of variance was controlled by allowing the residuals to vary for each nominal level of specimen type, i.e., three variance parameters estimated by the model (Zuur et al. 2009 ). To further test whether this heteroscedasticity was due to any site-specific effect in herbarium and modern data, a second model that incorporated a heterogeneous variance for each site, and a third model that incorporated both a heterogeneous variance for site and specimen type, were evaluated. The Akaike's information criterion (AIC) was used to compare these three models. The AIC is a measure of goodness-of-fit of the data to an estimated statistical model (Akaike 1974) . The model with the smallest AIC value is considered the most appropriate (Legendre and Legendre 2012).
Results
There has been a significant rise in the number of growing degree-days for Southern Quebec over the last 100-150 years (Fig. 3) , but no significant correlation (Table 2) was detected between growing degree-days data and white trillium leaf area values for the same period (Fig. 4) . Moreover, no significant difference was found between herbarium specimens grouped according to their bioclimatic region (one-way ANOVA; F2, 689 = 1.82, p = 0.16), suggesting no regional climate effect.
A significant effect of specimen type (herbarium vs. modern with deer vs. modern without deer) on leaf area was found (one-way ANOVA; F2, 3899 = 379.23, p < 0.0001). However, heterogeneity of variance among sites was detected, essentially explained by the fact that one botanist sampled eight particularly small individuals at MRP 18 May 1932. This heterogeneity and potential bias -we D r a f t cannot totally exclude the hypothesis that most individuals that emerged in 1932 were small -was controlled using a weighted variance for this factor; the second model, weighted for site, had the lowest AIC score (AIC for model 1: 39798.3; model 2: 39741.6; model 3: 39745.6).
In deer sites, white trillium populations were mostly (90%) represented by flowering individuals with leaf area values < 90 cm 2 (Figs. 5 and 6, Table 1 ), significantly lower than those of the herbarium specimens, and those of specimens collected in sites without deer (p < 0.001). Very few large individuals, i.e., with a leaf area > 130 cm 2 , persisted in deer sites. The distribution of white trillium individuals in deer sites was also skewed towards plants with a smaller leaf area, while the leaf area distribution included several very large individuals (>200 cm 2 ; Figs. 5 and 6). However, herbarium specimens contained a greater proportion of small to very small individuals having a leaf area 15-55 cm 2 , than modern specimens in sites without deer.
Discussion
The herbarium specimens of white trillium were not specifically collected to study the impacts of deer browsing on leaf area. They nevertheless proved to be reliable tools for such purposes. The leaf area of modern individuals from sites with deer was significantly lower than that of modern specimens from sites without deer, which concurs with previous studies (Anderson 1994; Augustine and Frelich 1998; Knight 2003) . The leaf area of modern specimens from sites with deer was also significantly lower than that of herbarium specimens, suggesting a size reduction over time. To what extent this size reduction is the result of an evolution-driven morphological change induced by deer browsing -smaller plants, less likely to be browsed, reproduce more successfullyor by selective browsing mainly directed toward older and/or larger individuals -leaving only smaller individuals -remains to be determined. Other factors (soil nutrients, amount of sunlight reaching the plants, micro-climate differences, etc.) could also have been responsible for leaf area differences, but current knowledge on the disturbance dynamics of southern Quebec temperate forests (Beauvais et al. 2016) , and previous studies conducted on the effect of white-tailed deer on D r a f t 12 white trillium (Anderson 1994; Augustine and Frelich 1998; Rooney and Waller 2001; Knight 2003; Knight et al. 2009 ), point toward deer browsing as the most important factor influencing leaf area.
Because most herbarium specimens were sampled before 1980 (85%), i.e., before the rise of white-tailed deer populations in southern Quebec (Potvin 1994) , they reflect very low deer density situations. Specimens sampled after 1980 were not significantly smaller than those sampled before 1980, but this is not necessarily surprising because of the low number of recent specimens and the fact they were sampled in sites with various deer densities. Herbarium specimens can consequently be used as a reference population to determine the effect of deer on plant morphology on a regional basis, in combination with modern specimens. In southern Quebec, a significant reduction of leaf area of white trillium is likely driven by the expansion of deer populations, as other causes (e.g., climatic) have been ruled out.
Herbarium specimens of white trillium had similar leaf area values across bioclimatic regions, which suggests that the growth of this species is little influenced by climatic and environmental conditions, at least on a regional scale. This facilitates comparisons between sites, and increases the number of specimens that could be included in a reconstruction analysis, which in turn reduces the impacts of collecting biases (Lavoie 2013) . Moreover, as shown in this study, gathering information on plant collectors is also important to detect (and correct) biases associated with botanists focusing on particular specimen types or sites (Lavoie et al. 2007 ).
The comparison of herbarium with modern specimens indicates that white trillium populations in deer sites are dominated by flowering individuals with a small leaf area, which likely have a lower reproductive success (Knight 2003) . Particularly striking is the total absence, in forest sites with deer, of large individuals with a leaf area > 200 cm 2 . Although this absence is expected at high deer densities ~ 25-35 deer per km 2 (Augustine and Frelich 1998), our study suggests that even densities as low as 8 deer per km 2 can lead to the disappearance of a particular size class. The fact that very large specimens > 300 cm 2 are found in herbaria, but were not found in nature, even in D r a f t 13 sites without deer, is also worrying, although the number of sites visited in 2013 and 2014 was relatively small. The exact contribution of these very large individuals to the long-term persistence of white trillium populations is unknown, but their absence clearly indicates an impoverishment of natural diversity and a skew toward smaller individuals with a lesser seed output.
In conclusion, herbarium specimens represent an inexpensive tool to assess the impact of large herbivores on plants, usually based on exclosures (Augustine and Frelich 1998; Webster et al. 2005) or on clipping experiments (Rooney and Waller 2001; Knight 2003; Knight 2007) . The greatest potential of herbarium specimens is the spatial coverage, potentially continent-wide. Collecting herbarium specimens throughout the entire range of a species offers a much broader perspective on the impact of herbivores on plant fitness: specimens could be used to indicate where in the range meaningful changes occurred over time, a starting point for more detailed, in situ studies.
Unfortunately, this possibility is seriously hampered by the decline of herbarium specimen collecting throughout North America (Prather et al. 2004; Lavoie and Lachance 2006; Lavoie et al. 2012) . For example, the low number of records in Quebec after 1980, when the deer populations began to rise, limits herbarium collections to a reference database (low deer density), and additional field surveys are thus necessary to evaluate the impacts of browsing. Museum collections remain highly valuable, but their potential would be much greater if recent specimens were also available for comparison. . Although the photographs were not taken at the same location, they were deemed representative of the overall situation by park wardens (1980, 1995) or the authors (2013, 2014) . Different letters indicate significant differences (p < 0.001). In deer sites, white trillium 83x75mm (300 x 300 DPI)
